Abstract. Compound promiscuity refers to the ability of small molecules to specifically interact with multiple targets, which represents the origin of polypharmacology. Promiscuity is thought to be a widespread characteristic of pharmaceutically relevant compounds. Yet, the degree of promiscuity among active compounds from different sources remains uncertain. Here, we report a thorough analysis of compound promiscuity on the basis of more than 1,000 PubChem confirmatory bioassays, which yields an upper-limit assessment of promiscuity among active compounds. Because most PubChem compounds have been tested in large numbers of assays, data sparseness has not been a limiting factor for the current analysis. We have determined that there is an overall likelihood of ∼50% of an active PubChem compound to interact with two or more targets. The probability to interact with more than five targets is reduced to 7.6%. On average, an active PubChem compound was found to interact with ∼2.5 targets. Moreover, if only activities consistently detected in all assays available for a given target were considered, this ratio was further reduced to ∼2.3 targets per compound. For comparison, we have also analyzed high-confidence activity data from ChEMBL, the major public repository of compounds from medicinal chemistry, and determined that an active ChEMBL compound interacted on average with only ∼1.5 targets. Taken together, our results indicate that the degree of compound promiscuity is lower than often assumed.
INTRODUCTION
Studying interactions between bioactive compounds or drugs and biological targets, experimentally and/or computationally, has become a major topic in pharmaceutical research (1) (2) (3) (4) (5) (6) (7) (8) . Compound promiscuity is rationalized as the ability of small molecules to specifically interact with multiple targets (but does not imply non-specific binding effects). The increasing notion of compound promiscuity and ensuing polypharmacology is beginning to change specificity-centric drug discovery paradigms, at least in some therapeutic areas such as oncology (5, 6) . In addition, target promiscuity is also responsible for undesired (or desired) side effects of drugs (9, 10) . Hence, it is not surprising that much attention is currently being paid to promiscuity-related drug actions, be they positive or negative for therapy.
While it is generally accepted that polypharmacological effects often play an important role in drug efficacy and side effects, the actual degree of promiscuity among pharmaceutically relevant compounds remains unclear. Early estimates proposed that drugs might on average bind to about three to six targets. For example, when collecting activity annotations for ∼800 drugs active against ∼400 targets from drug discovery databases, a drug was found to interact with on average 2.7 targets (4). When hypothetical drug-target interactions predicted on the basis of chemical drug similarity were additionally taken into account, this target-to-drug ratio further increased to ∼6.3 (4) . In addition, when all publicly available activity annotations of drugs were considered (IC 50 , EC 50 , K i , or K d values<10 μM), it was found that more than 50% of current drugs interacted with more five targets and that drugs directed against G protein-coupled receptors, which was the most promiscuous drug class investigated in this study, had on average six to seven targets (8) .
However, compound data selection criteria and the types of activity measurements that are considered also affect the outcome of promiscuity analysis. Depending on the source database, for example, PubChem (the major public repository of screening data) (11) , ChEMBL (the major public repository for compound data from medicinal chemistry) (12) , or DrugBank (13) , and the data selection criteria that are applied, the number of activity/target annotations of a bioactive compound or drug might significantly vary. For example, for the drugs milrinone and buspirone, it was found that ChEMBL reported 42 and 72 potential targets, respectively (14) . By contrast, in DrugBank, these drugs were only annotated with one and two targets, respectively (14) . Such apparent discrepancies raise questions and might lead to inconsistent analyses. However, when compound activity data in ChEMBL were filtered and only ligand-target interactions at the highest confidence level were considered, together with equilibrium constants as activity measurements, the number of target annotations for milrinone and buspirone was reduced to one and two, respectively, consistent with DrugBank (14) . Such examples are abundant and illustrate the critical role of data selection criteria for the outcome of promiscuity analysis.
It has also been observed that the amount of compounds with multiple target annotations available in ChEMBL has substantially increased over time (15) . However, most of this apparent growth in compound promiscuity has resulted from assay-dependent IC 50 data. By contrast, when only increasing amounts of K i values were analyzed, there was no notable increase in across different target families over time (15) . Compound promiscuity is often restricted to closely related targets. For example, in an analysis of high-confidence activity data in ChEMBL, it was shown that only 2.4% of all promiscuous compounds interacted with targets from different protein families (16) . Hence, compound promiscuity across distantly or unrelated targets was a rare event.
Taken together, the findings discussed above clearly illustrate that a meaningful evaluation of compound promiscuity is more complicated than it might appear at a first glance. It remains difficult to determine the "true" degree of promiscuity among active compounds from different sources.
Herein, we present an analysis designed to further refine our view of compound promiscuity that focuses on PubChem confirmatory bioassays (11) , which confirm the activity of hits from biological screens and eliminate false positives. In confirmatory bioassays, compound activity is assessed on the basis of titration curves and IC 50 value determination. An intrinsic advantage of focusing on confirmatory screening data is that PubChem compounds have typically been tested in many different assays, which works against the often quoted underestimation of compound promiscuity due to data sparseness (i.e., many active compounds might have only been tested against one or a few targets) (4). Thus, given the availability of many assay readouts for confirmed active compounds and their screening hit character, one would anticipate that the analysis of these data should yield an upper-level estimate of promiscuity among bioactive compounds. To put the results into perspective, a comparative promiscuity analysis of PubChem confirmatory screening data and compound activity data from ChEMBL was also carried out. Taken together, our results reveal a lower degree of promiscuity among active compounds than expected.
MATERIALS AND METHODS

Data Collection
From the PubChem BioAssay database (11), confirmatory assays with dose-response data and activity against a single protein target were assembled. For each assay, only compounds explicitly designated as "active" or "inactive" were further considered. Compounds annotated as "inconclusive" or "unspecified" were omitted. In addition, qualifying assays were further grouped according to their targets. From all compounds, scaffolds were extracted by removing all R-groups from ring systems and ring-connecting substructures (17) . Hence, these scaffolds represent compound core structures.
Promiscuity Assessment
For all compounds, the number of confirmatory assays in which they were active and the number of targets they were active against were determined. For compounds active in multiple assays against the same target, the consistency of the activity across different assays was recorded.
As a control, promiscuity was also analyzed for bioactive compounds assembled from ChEMBL, release 14 (12) . Compounds with reported direct interactions against human targets (with highest ChEMBL confidence score of 9) (12) and explicit K i or IC 50 values were collected. These two types of potency measurements were separately considered. Therefore, two subsets of compounds with K i or IC 50 values were generated.
For a compound, an assay promiscuity index (API) was calculated by dividing the number of assays with reported activity by the number of assays that the compound was tested in.
All data mining calculations were carried out with in-house generated programs.
RESULTS AND DISCUSSION
Analysis Concept
By systematically analyzing confirmed activity data of compounds from more than 1,000 assays against more than 400 targets, we were able to assess the general tendency of compounds to be promiscuous. Confirmatory follow-up assays, the source of our analysis, relied on titration experiments yielding IC 50 values and hence provided a consistent data structure for our analysis. Because most compounds were tested in large numbers of assays and no potency threshold was applied to confirmed active compounds, the analysis was expected to provide an upper-level estimate of compound promiscuity. This The number of qualifying confirmatory assays taken from the PubChem BioAssay database and the corresponding number of targets are reported. In addition, the total number of compounds in qualifying confirmatory assays and number of compounds that were active in one or more assays are given. Furthermore, compound-assay combinations are provided. "Active" and "Inactive" report the number of compound-assay pairings involving active or inactive compounds, respectively was further assessed by carrying out a comparative promiscuity analysis for ChEMBL compounds.
Assay, Target, and Compound Distribution Table I provides a summary of the assay and compound data we analyzed. Active compounds were extracted from a total of 1,085 qualifying confirmatory assays that involved 439 different targets. Thus, for individual targets, multiple assays were often available. Table II lists a subset of targets with multiple assays. PubChem screening targets were diverse and involved many different enzymes and receptors. From confirmatory bioassays, a total of 437,288 compounds were obtained, 140,112 of which were active in one or more assays. In addition, 297,176 compounds were found to be consistently inactive in all assays they were tested in. A subset of 179,189 consistently inactive compounds was tested in more than 50 different confirmatory assays.
From all active and inactive compounds, a total of 101,876 unique scaffolds were extracted. Of these, 48,299 scaffolds were exclusively represented by consistently inactive compounds. Furthermore, assays and tested compounds yielded nearly 26 million compound-assay pairings, 358,655 of which involved active compounds.
Assay Frequency
We also determined the distribution of active compounds over screening assays. Figure 1a shows how many compounds found to be active in at least one assay were tested in how many different assays. Compounds were tested in different assays with high frequency. The distribution in Fig. 1a reveals that more than 77% of all active compounds were tested in more than 50 different assays. Thus, there was broad assay coverage of active compounds, which provided a sound basis for promiscuity analysis.
Assay Hit Rates
For the 1,085 qualifying assays, hit rates were calculated by dividing the number of compounds with reported activity by the total number of compounds that were tested. The distribution shown in Fig. 1b reflects a broad range of hit rates. A total of 340 assays yielded very low hit rates of less than 10%, whereas 441 assays produced hit rates higher than 40%.
Assay Relationships
We further analyzed relationships among confirmatory assays. Assay pairs were generated that shared at least five tested compounds. A total of 100,043 assay pairs involving 1,021 assays were identified. On average, each assay formed relationships (i.e., shared at least five compounds) with other 98 assays. These findings indicated that a large number of compounds were tested in many different assays. Furthermore, assay pairs were determined that shared at least five active compounds. Under this condition, 14,753 assay pairs were detected that involved a total of 775 assays. On average, an assay was found to share at least five active compounds with 19 other assays. Seven targets associated with more than 10 confirmatory assays are reported. For each target, the number of assays and the number of active compounds are provided. ATAD5 ATPase family AAA domain-containing protein 5, NADPH nicotinamide adenine dinucleotide phosphate Fig. 1 . Active compounds from confirmatory assays. a For compounds active in one or more confirmatory assays, the distribution of the total number of assays these compounds have been tested in is shown. For example, more than 25,000 compounds have been tested in 75-80 assays. b For assays with confirmed active compounds, the distribution of hit rates is shown. Subsets of 340 and 441 assays yielded hit rates of less than 10% or more than 40%, respectively Activity Assessment Figure 2 reports the distribution of compounds over assays in which they were active. Nearly 47% of all active compounds were only active in a single assay, and an additional 21% of the compounds were active in two assays. Overall, compound activity in up to 48 assays was observed, but there was a steady decline in compound numbers with increasing numbers of assays with reported activity. Only a total of 322 of nearly half a million tested compounds were confirmed to be active in more than 20 assays. Figure 3 reports the distribution of active compounds over targets against which they were active. Again, almost 50% of all compounds were only active against a single target and an additional 21% active against two targets. With increasing target numbers, compound numbers were further reduced compared to Fig. 2 because multiple assays were frequently available for individual targets. Compound activity against up to 40 targets was observed, but only a total of 160 compounds were confirmed to be active against more than 20 targets and only seven compounds against more than 30 targets (Fig. 3) . Fig. 2 . Distribution of compounds and assays with reported activity. For all active compounds, the number of assays in which they were active is reported in a histogram and table format. For example, nearly 100,000 compounds were active in one or two assays. On the right, the distribution of compounds with activity in more than 20 assays is highlighted using a red frame Fig. 3 . Distribution of compounds and targets with reported activity. For all active compounds, the number of targets they were active against is reported in a histogram and table format. For example, nearly 100,000 compounds were active against one or two targets. On the right, the distribution of compounds with activity against more than 20 targets is highlighted using a red frame
Highly Promiscuous Compounds
As shown in Figs. 2 and 3 , highly promiscuous compounds were only detected with low frequency. There were only a total of 2,037 compounds with activity against more than 10 targets (Fig. 3) . Representative examples are provided in Fig. 4 . For these structurally diverse compounds, assays in which they were tested and found to be active were compared to evaluated and confirmed targets. In each case, the number of assays exceeded the number of targets by ∼20 or more and the compounds were found to be active against approximately half of the targets they were tested against. These compounds represented the most promiscuous compounds detected in PubChem confirmatory assays. Because the compounds displayed dose-response behavior for all activities, the probability of artifacts was low.
In addition, the probability that a highly promiscuous compound was reported to be active in a given assay was assessed by API calculations. The distribution of API values is reported in Fig. 5a . The majority of the highly promiscuous compounds yielded an API between 0.15 and 0.25, indicating that these compounds were confirmed as active in 15% to 25% of all assays that they have been tested in. Furthermore, the correlation between API and the number of targets with reported compound activity is shown in Fig. 5b . Only a weak correlation was observed (with a correlation coefficient of 0.62). In addition, we also analyzed the relationship between API and the average hit rate of all assays in which a compound was tested. The results are reported in Fig. 5c . Nearly all promiscuous compounds originated from assays with an average hit rate of less than 20%. Fig. 4 . Promiscuous compounds. Six exemplary highly promiscuous compounds are shown. For each compound, the numbers of assays in which it was tested and in which it displayed activity are reported. Furthermore, the numbers of targets against which the compound was tested and against which it was active are given Fig. 5 . Highly promiscuous compounds. a For a total of 2,037 highly promiscuous compounds with activity against more than 10 targets, the distribution of their API values is shown. In addition, the correlations between API and the number of targets with reported activity and the average hit rate of assays that each compound was tested in are reported using scatter plots in b and c, respectively. In these scatter plots, each data point represents a highly promiscuous compound. Correlation coefficients are also reported
Promiscuous Targets
The 2,037 most promiscuous compounds were found to be active against a total of 365 targets. For these targets, the distribution of promiscuous compounds is reported in Fig. 6 . The number of promiscuous compounds active against a target ranged from 1 to 1,947. Among these, 133 targets had less than 20 promiscuous compounds and 70 targets more than 1,000 promiscuous compounds. The most promiscuous targets are listed in Table III . These targets belonged to a variety of different families. Figure 7 reports the numbers of assays for the 439 targets available in PubChem. For 181 targets, only a single assay was available, but for the remaining 258 targets, multiple assays were available, with up to 17 assays per target. Due to the availability of multiple assays for many targets, it was possible to further refine activity annotations by evaluating their consistency in different assays. Therefore, we determined for all relevant compounds if they were consistently active in all assays for a given target they were tested in. For example, if a compound was tested in three assays available for a particular target and found to be active in only one or two of them, the target annotation was discarded. This consistency assessment further increased the stringency of activity annotations. To derive a statistic comparable to the one reported in Fig. 3 , active compounds tested in single assays were also considered consistently active. The distribution of active compounds over targets on the basis of stringent/consistent activity annotations is reported in Fig. 8 . For ∼8.6% of all active compounds, no consistent activity annotations in multiple assays were identified. On the basis of stringent activity annotations, the degree of target promiscuity was further reduced compared to original annotations, as one would expect. As shown in Fig. 8 , there were 1,446 compounds with consistent activity annotations against more than 10 targets (compared to 2,037 on the basis of original annotations) and the maximal number of targets of an active compound was 39.
Stringent Activity Annotations
Comparison with ChEMBL
A comparative promiscuity analysis was also carried out for ChEMBL (12) , the major public domain resource of compounds from the medicinal chemistry literature. Because Fig. 6 . Target sets containing highly promiscuous compounds. For targets of highly promiscuous compounds, the distribution of the number of promiscuous compounds is shown. A total of 70 targets had more than 1,000 promiscuous compounds Shown are top 20 targets having the largest number of highly promiscuous compounds with activity against more than 10 targets ChEMBL contains a variety of activity measurements, different from PubChem confirmatory bioassays, separate ChEMBL compound subsets were generated for explicit K i and IC 50 measurements. From ChEMBL release 14, 36,542 and 80,522 compounds with K i and IC 50 values were extracted, respectively, following a previously reported protocol focusing on high-confidence data (15) . The K i and IC 50 subsets were then subjected to promiscuity analysis in analogy to PubChem compounds. The results are reported in Table IV . Here, 62% and 75% of all compounds from the K i and IC 50 subsets, respectively, were found to be active against a single target. Compound activity against up to 40 (K i ) and 47 (IC 50 ) targets was observed, respectively, but compound numbers rapidly declined for increasing numbers of targets. In the K i and IC 50 subsets, only 192 and 158 compounds were found to be active against more than 10 targets, respectively.
Overall Degree of Compound Promiscuity
We then determined the degree of target promiscuity among confirmed active compounds from PubChem and, for comparison, the K i and IC 50 subsets from ChEMBL. Given the distribution of compounds active against single and multiple targets reported in Fig. 3 , the likelihood of an active PubChem compound to be promiscuous (i.e., active against two or more targets) was ∼50.9%. The probability of activity against more than five targets was significantly reduced to ∼7.6%. In the K i and IC 50 subsets of ChEMBL, the corresponding likelihoods were ∼37.9% (1.2%; more than five targets) and ∼24.7% (0.8%), respectively. Thus, as expected, confirmatory screening data yielded a higher probability of promiscuity among active compounds than compound optimization data. Furthermore, although most of the growth in promiscuous compounds observed in ChEMBL overtime was attributed to IC 50 data (15) , which is also reflected by the presence of 13,842 vs. 19,898 multi-target compounds in the K i and IC 50 subsets in Table IV , the ChEMBL K i subset yielded a higher promiscuity rate than the IC 50 subset.
For stringent activity annotations (Fig. 8) , the likelihood for an active PubChem compound to be promiscuous was ∼45.2% (6.0%; more than five targets). On average, an active PubChem compound interacted with ∼2.3 (stringent activity Fig. 8 . Compounds with consistent assay activity. For all active compounds, the number of targets is reported against which the compounds were consistently active in all assays they were tested in. Approximately 8.6% of all compounds were not consistently active in two or more assays for a given target (i.e., "# targets" is 0) annotations) to ∼2.5 targets (original annotations), whereas an active compound from the K i and IC 50 subsets of ChEMBL interacted on average with ∼1.7 and ∼1.4 targets, respectively.
Concluding Remarks
Herein, we have presented a systematic analysis of PubChem confirmatory bioassays to determine the degree of promiscuity among active compounds and compared the results to ChEMBL compounds. Given the large number of assay results available for confirmed active PubChem compounds and their screening hit character (i.e., taking weakly potent compounds into account), the analysis was designed to yield an upper-level assessment of compound promiscuity. Moreover, it is important to emphasize that most active compounds in confirmatory assays were tested in more than 50 different assays. Therefore, the analysis focused on compounds having the largest degree of apparent promiscuity in original assays, which further supports the upper-level assessment of promiscuity presented herein. Activity annotations of confirmed active compounds from more than 1,000 biological screens against more than 400 targets were analyzed. Because the majority of PubChem compounds have been tested in many different assays, the current analysis was based on a more complete data array than previous investigations. Hence, our analysis of PubChem confirmatory bioassays and its comparison with ChEMBL likely provides the most comprehensive assessment of compound promiscuity that is currently available. For active compounds from PubChem, we observed a ∼50% probability to be active against two or more targets, which was significantly reduced to ∼7.6% for activity against more than five targets. On average, an active PubChem compound interacted with ∼2.5 targets, with only minor differences between original and stringent activity annotations. For ChEMBL, the corresponding IC 50 data subset yielded on average a ratio of only ∼1.4 targets per active compound. Thus, although the degree of promiscuity was higher for PubChem than for ChEMBL compounds, as expected, it was low in both cases and considerably lower than previous estimates made for drugs that included predicted drugtarget interactions or operated on the basis of ligand-target interaction networks. Recent investigations of compound promiscuity and drug polypharmacology referred to in the introductory sections of our study are methodologically distinct and not directly comparable in their details. However, our largescale and data-driven analysis taking both compounds from screening campaigns and medicinal chemistry projects into account clearly indicates that the degree of target promiscuity among active compounds is lower than often discussed for drugs. These findings are relevant from several viewpoints. The results imply that many compounds act selectively on a primary target. Thus, in medicinal chemistry, compound optimization can first and foremost concentrate on primary target of interest, without taking promiscuity as a potential caveat early on into account. Moreover, for drug discovery, there is good news. While polypharmacology has substantially expanded drug development opportunities, for example, in oncology, many compounds with a high degree of selectivity are available. Given the overall very limited degree of compound promiscuity detected in an analysis focusing on upper-level promiscuity, the likelihood of developing compounds with sufficient target selectivity for therapeutic areas such as infectious diseases or for the treatment of chronic disease states should continue to be high. In summary, a more conservative view of compound promiscuity should be promoted on the basis of currently available compound activity data.
